In a previous study, we isolated and reported a second species of the Saccharophagus genus, Saccharophagus sp. strain Myt-1. In the present study, an alginate lyase gene (algMytC) from the genomic DNA of Myt-1 was cloned and characterized. The DNA sequence fragment obtained contained an open reading frame of 1,032 bp that encoded a protein of 343 amino acids with an estimated molecular mass of 37.6 kDa and a pI of 6.60. The deduced protein, AlgMytC, had the conserved amino acid sequences (RTELREM, QIH, YFKAGVYNQ) of the polysaccharide lyase family 7. A BLAST homology search indicated that AlgMytC shared an amino acid sequence identity of 95.9% with alg7A of S. degradans 2-40. The cloned and purified AlgMytC protein showed optimal activity at 40 o C, and retained more than 90% of its total activity even after treatment at 25 o C for 24 h. AlgMytC was very alkaliphilic with an optimal pH of 9.0, and more than 90% of its activity was retained in the pH range 8.5-10.0. Moreover, AlgMytC was stable over a wide pH range. The activity of AlgMytC was also stable in the presence of various detergents.
Alginates are synthesized as cell wall components by brown seaweeds and as exopolysaccharides by bacteria such as Pseudomonas aeruginosa [6] and Azotobacter vinelandii [10] . Alginate is a linear heteropolyuronic acid that consists of 1,4-linked α-L-guluronic acid (G) residues and its C5 epimer, β-D-mannuronic acid (M) residues. The residues are arranged in blocks of homopolymeric G residues (G-blocks), M residues (M-blocks), or heteropolymeric alternating M and G residues (MG (or GM)-blocks) [7, 11] . In recent years, alginate lyases have attracted much attention because of their industrial applications in agriculture, medicine, and food [1, 2, 14, 15, 16] . Moreover, the use of alginates as a potential source of fermentable sugars for bioethanol production is also receiving attention because of the abundant alginate biomass in brown seaweeds [31] . Alkaliphilic alginate lyases are the most likely enzymes for use in many industrial applications because they can be extracted in alkali condition [4] . Therefore, a greater understanding of alginate lyases could potentially lead to useful new applications for them in industry. However, until now, very few alkaliphilic alginate lyases have been identified. To the best of our knowledge, only two strains of alginate lyase-producing bacteria, Bacillus sp. M-2 [12] and Agarivorans sp. JAM-A1m [22] , have been reported to produce an alkaliphilic enzyme.
Microbial alginate lyases have been studied widely in various bacteria [13, 24, 25] . One of the most efficient degraders of complex polysaccharides identified to date appears to be Saccharophagus degradans 2-40 [5] . S. degradans 2-40 was first isolated from decaying salt marsh cordgrass collected in the Chesapeake Bay estuary, Virginia, USA [3] . Strain 2-40 is capable of degrading more than 10 complex polysaccharides, including agar, alginate, carrageenan, carboxymethyl cellulose, chitin, β-glucan, laminarin, pectin, pullulan, starch, and xylan [9, 32] .
Recently, we isolated a novel Saccharophagus species, strain Myt-1, from the sediments in Toyama Bay, Japan [28] . Here, we report the cloning, purification, and characterization of the alkaliphilic alginate lyase, AlgMytC, from strain Myt-1. Based on our results, we suggest that AlgMytC activity is stable in the presence of various detergents.
MATERIALS AND METHODS

Bacteria and Culture Conditions
Saccharophagus sp. strain Myt-1 was isolated previously from Toyama Bay, Toyama Prefecture, Japan [27] . Marine broth medium *Corresponding author Phone: +81-76-445-6671; Fax: +81-76-445-6671; E-mail: sakatoku@sci.u-toyama.ac.jp (Difco marine broth 2216; Becton, Dickinson and Company, MD, USA) was used as the culture medium for the Myt-1 cells. Escherichia coli DH5α and E. coli BL21 (DE3) (Nippon Gene, Japan) were cultivated in Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, and 1% NaCl).
Cloning and Sequencing of the Alginate Lyase Gene Genomic DNA was isolated from Myt-1 cells using IsoplantII (Nippon Gene, Japan) and partially digested with Sau3AI (Nippon Gene, Japan). The resulting DNA fragments were separated by 0.4% (w/v) agarose gel electrophoresis, and 3-10 kbp DNA fragments were recovered and ligated with the pUC118 vector using the Rapid DNA Dephos and Ligation Kit (Roche, Germany). The pUC118 vector was previously digested with BamHI (Nippon Gene, Japan) and dephosphorylated with bacterial alkaline phosphatase using the Rapid DNA Dephos and Ligation Kit (Roche, Germany). The ligation products were introduced into E. coli DH5α. The transformants were grown on LB agar containing 0.5% (w/v) sodium alginate (80-120 cP; Wako Pure Chemical Industries, Ltd., Japan) and ampicillin (50 µg/ml). To screen for alginate lyase activity, the clones were incubated for 1 day at 37 o C on the agar plates and stained with 1% (w/v) cetylpyridinium chloride. The colony with a clear halo was selected and the recombinant plasmid was extracted using a PureYield Plasmid Miniprep System (Promega, USA). The inserted DNA fragments were amplified by PCR using the universal M13 primers that target both ends of the cloning vector. The amplified products were purified using a QIAquick PCR purification kit (Qiagen, Japan) and sequenced directly using the BigDye Terminator ver. 3.1 cycle sequencing kit (Applied Biosystems, USA) and an ABI Prism 3130xl genetic analyzer (Applied Biosystems). The DNA sequence that was obtained was searched against the GenBank nucleotide sequence database using the Basic Local Alignment Search Tool (BLAST) on the NCBI website (http://www.ncbi.nlm.nih.gov). Nucleotide and deduced amino acid sequence analyses, open reading frame searches, multiple sequence alignments, and molecular mass and isoelectric point calculations were performed using the Genetyx ver. 8 software (Genetyx, Japan).
Overexpression and Purification of the Recombinant Alginate Lyase AlgMytC
The open reading frame of the alginate lyase gene (algMytC) was amplified by PCR using primers, 5'-CTCTTTCAGGGACCCGAG AACATTGGCACC-3' (forward) and 5'-CTGCGGCCGCAAGCT TTTATTGTTTATTATA-3' (reverse), that were designed based on the algMytC sequence. The PCR fragments between the SmaI and HindIII sites of the pET-47b expression vector (Novagen, USA) were cloned using an In-Fusion Advantage PCR cloning kit (Takara Bio, Japan). The recombinant plasmid was then used to express the alginate lyase gene in E. coli BL21 (DE3). The preculture was inoculated (1%) into fresh LB broth containing kanamycin, and cultivation was continued until the optical density at 550 nm reached 0.4. The culture was then supplemented with 1 mM (final concentration) isopropyl thiogalactoside (IPTG) and incubated for a further 6 h at 37 o C for overexpression of the alginate lyase gene. Cells were harvested by centrifugation at 10,000 ×g for 10 min and resuspended in BugBuster protein extraction reagent (Novagen, USA) according to the manufacturer's protocol. Soluble and insoluble fractions were separated by centrifugation (16,000 ×g for 20 min). The recombinant alginate lyase in the insoluble form was denatured with 8 M urea in Tris-HCl (pH 8.0). The denatured protein was purified on a His GraviTrap column (GE Healthcare Ltd., Buckinghamshire, UK) and then refolded by fractional dialysis in 4, 2, and 0 M urea in 50 mM Tris-HCl (pH 8.0) [29] . The purity of the protein was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was performed according to Laemmli [23] using 10% acrylamide gels. The gels were stained for proteins using Quick Blue Staining Solution (Bio Dynamics Laboratory Inc., Japan) and the molecular mass of the resulting bands was estimated using low-range molecular mass standards (Bio-Rad Laboratories Inc., Japan) that included phosphorylase b (97.4 kDa), serum albumin (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), and trypsin inhibitor (21.5 kDa). Protein concentrations were measured with a Pierce bicinchoninic acid (BCA) protein reagent kit (Interchim, France). To detect alginate lyase activity, we used SDS polyacrylamide gels containing 0.2% (w/v) sodium alginate. Following electrophoresis, the gels were washed with Milli-Q water for 15 min before being incubated at room temperature in standard buffer (10 mM phosphate buffer pH 7.5, 0.2 M NaCl, 0.2 M KCl, 0.01% NaN 3 ) for 2 h. The gels were then submerged in 10% (w/v) cetylpyridinium chloride solution for 20 min at room temperature. The activity of alginate lyase was visualized as a clear zone and photographed on a black background [15] .
Characterization of Alginate Lyase
Alginate lyase activity was quantified by measuring reducing sugars (as glucose equivalents) detected by the dinitrosalicylic acid assay [8] . The concentrations of the reducing sugars were determined using D-glucose as the standard. One unit (U) of enzyme activity was defined as the amount of protein required to release an amount of reducing sugars equivalent to 1 µM of glucose per minute. The optimal temperature of the purified alginate lyase (1 µg) was determined in 50 mM GTA buffer (pH 9.0) (a universal buffer that consists of 50 mM 3,3-dimethylglutaric acid, 50 mM Tris, and 50 mM 2-amino-2-methyl-1,3-propanediol). The incubation temperature was varied in the range 5-50 o C. At each temperature, the enzyme solution (100 µl) was incubated with 300 µl of 1% (w/v) sodium alginate for 30 min. The reducing sugars were released into the solution and measured by the dinitrosalicylic acid assay. To evaluate the thermostability of the purified alginate lyase, the enzyme solution was incubated at 5-40 o C for 1 and 24 h. The residual enzyme activity was measured by the dinitrosalicylic acid assay in 50 mM GTA buffer (pH 9.0) containing 1% (w/v) sodium alginate. The optimal pH of the purified alginate lyase was determined between 
Nucleotide Sequence Accession Number
The GenBank/EMBL/DDBJ accession number of the nucleotide sequence of the alginate lyase gene algMytC reported in this paper is AB778303.
RESULTS AND DISCUSSION
Cloning and Sequence Analysis of the Alginate Lyase Gene algMytC The genetic resources of microorganisms, especially their enzyme-encoding genes, have drawn considerable attention for their potential value to industry and biotechnology. Among these microorganisms, S. degradans 2-40 was the best known efficient degrader of more than 10 complex polysaccharides [5] , and some of the unique polysaccharide degrading enzymes from strain 2-40 have been cloned and characterized [18, 19, 20, 21, 32] . Previously, we isolated a novel Saccharophagus species strain Myt-1 from Toyama Bay in Japan [27] . In the present study, we cloned the gene encoding an alginate lyase, algMytC, from the Myt-1 strain and characterized the resulting alginate lyase (AlgMytC) enzyme.
One positive clone for alginate lyase was isolated from the strain Myt-1 genomic library. Insert DNA fragments of about 5 kbp were detected by agarose gel electrophoresis and sequenced. Sequence analysis of the fragments revealed the presence of a single open reading frame of 1,032 bp, which we designated as algMytC (Fig. 1) . The algMytC gene can encode a protein of 343 amino acids with an estimated molecular mass of 37.6 kDa and a pI of 6.60. The Genetyx software predicted that this protein possessed a typical signal peptide with a cleavage site between Thr34 and Glu35 at the N-terminal end of the protein sequence. In addition, the conserved amino acid sequences of the polysaccharide lyase family 7 (PL7) (RTELREM, QIH, YFKAGVYNQ) [30] were identified in the AlgMytC sequence, suggesting that AlgMytC is a member of the PL7 family. Moreover, it was predicted that AlgMytC preferably degrades G-blocks because of the presence of the QIH motif in the conserved signature of the amino acid sequence [30] . A BLAST homology search of the GenBank database indicated that AlgMytC shared an amino acid sequence identity of 95.9% with the S. degradans 2-40 poly (beta-D-mannuronate) lyase (alg7A; YP_528753), 51.9% with Plesiocystis pacifica SIR-1 translation initiation factor SUI1 (pfam08787; ZP_01907220), 49.8% with Glaciecola lipolytica E3 alginate lyase (alyA; ZP_11348138), and 48.6% with Microbulbifer sp. 6532A alginate lyase (algMsp; BAJ62034). However, although AlgMytC and the alg7A from S. degradans 2-40 shared the highest similarity, alg7A has not been characterized either biochemically or physiologically.
Expression and Purification of AlgMytC
The algMytC gene, excluding the region that codes for the putative signal peptide sequence, was cloned into the pET47b (+) vector, which was then used to transform E. coli BL21 (DE3). The enzyme was overexpressed as an Nterminal His-tagged protein with an estimated molecular mass of 43.0 kDa. After IPTG induction, the enzyme was purified from a cell extract using a His GraviTrap column and then refolded by fractional dialysis. The purified AlgMytC SDS-PAGE showed a band that corresponded with the predicted size of AlgMytC, and this product was also seen in the zymogram analysis ( Figs. 2A and 2B ). The The predicted signal peptide is underlined. The highly conserved amino acid sequences of polysaccharide lyase family 7 (PL7) are highlighted in bold font.
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AlgMytC was purified to greater than 85% homogeneity as judged by densitometric scanning of SDS-PAGE gels.
Characterization of AlgMytC
The effect of temperature on AlgMytC activity was determined at temperatures from 5 (Fig. 3A) . The effect of pH on AlgMytC activity was measured at various pH values from 4.0 to 10.0 at 40 o C. AlgMytC activity was highest at pH 9.0 (1,900 ± 42 U/µmol enzyme) and 90% of its activity was retained between pH 8.5 and 10.0 (Fig. 3B) , and 30% remained at pH 7.5. The most alkaliphilic alginate lyase (optimal pH of 10.5) reported to date was derived from the Chlorella virus, CVN1 [28] . However, the CVN1-derived enzyme has not been characterized either biochemically or physiologically. To the best of our knowledge, only two bacterial alkaliphilic alginate lyases have been identified so far; namely, alginate lyase from Bacillus sp. No. M-2 [12] and A1m from Agarivorans sp. JAM-A1m [22] . These enzymes were reported to show optimal activity at pH 9.0, which is similar to the optimum pH of AlgMytC; however, AlgMytC retains most of its activity up to pH 10.0. To determine the thermal stability of AlgMytC, the enzyme was pre-incubated at temperatures ranging from 5 o C to 40 o C for 1 or 24 h. We found that AlgMytC retained 100% of its activity when incubated at 35 o C for 1 h (Fig. 4A) , but when the incubation temperature was increased to 40 o C, the residual activity decreased dramatically. Moreover, AlgMytC retained 100% and 40% of its activity when incubated for 24 h at 25 o C and 35 o C, respectively. To determine the pH stability of AlgMytC, the enzyme was preincubated at various pHs from 4.0 to 10.0 for 1 or 24 h. We found that AlgMytC retained more than 70% of its activity when incubated at pHs from 4.0 to 10.0 for 24 h (Fig. 4B) . These results indicated that the effect of pH on AlgMytC was reversible. Moreover, AlgMytC was more pH stable than A1m from Agarivorans sp. JAM-A1m, which was reported to be stable between pH 6 and 9 [22] . These results suggested that AlgMytC is an alkaliphilic, thermostable, and pH-stable alginate lyase, and indicated that AlgMytC may be useful in various industrial processes that require extreme alkali conditions. The effects of chemical agents on the activity of AlgMytC were also examined (Table 1) . We found that the activity was slightly inhibited by Ca 2+ and Mg 2+ at the 1 mM concentration tested in this study. At 5 mM concentration, the activity of AlgMytC was inhibited by these two ions. Moreover, the activity was significantly inhibited by EDTA even at 1 mM concentration. These results suggested that AlgMytC activity is significantly reduced without Ca 2+ or Mg
2+
. In addition, a high concentration (5 mM) of Ca 2+ or Mg 2+ also considerably reduced the AlgMytC activity. For the best understanding of Ca 2+ and Mg 2+ concentrationrelated activity, further work on the effect of these metal ions at a concentration lower than 1 mM will be needed. On the other hand, AlgMytC activity was not affected by DTT at 1 and 5 mM concentrations. The effects of detergents on the activity of AlgMytC were also examined ( Table 2) . AlgMytC activity was slightly stimulated in the presence of all the tested detergents, 0.001% SDS, Tween 20, Tween 40, Tween 80, and TritonX-100, 0.01% SDS, Tween 80. These results suggested that AlgMytC was highly stable in the presence of the five tested detergents at low concentrations ranging from 0.001% to 0.01%. Moreover, these results are indicating that this alkaliphilic alginate lyase might be an interesting candidate for industrial applications in several fields such as agriculture, medicine and food industries [18] .
In this study, we characterized a recombinant alginate lyase, AlgMytC, from Saccharophagus sp. strain Myt-1. The enzyme exhibited high activity under alkali conditions and was stable over a broad range of pHs and temperatures. In addition, it showed high stability in the presence of SDS, Tween 20, Tween 40, Tween 80, and Triton X-100 at low concentrations (from 0.001% to 0.01%). These unique properties make AlgMytC a potential candidate for industrial application [18] . AlgMytC was preincubated at different pHs (4.0-10.0) for 1 h or 24 h, and then the residual activity was measured. The activity of the purified alginate lyase at pH 9.0 (1,800 ± 45 U/µmol enzyme) was taken as 100%. 
